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ABSTRACT
Vibrio cholerae cryptochrome 1 (FcCryl), a DNA repair enzyme, uses a light- 
driven electron transfer to repair UV damaged single strand DNA but not double strand 
DNA. VcCryl has an active site FAD which is required for substrate binding and repair. 
Size exclusion chromatography (SEC) was used to observe changes in oligomer structure 
when changes in the oxidation state of the FAD cofactor were made. SEC studies found 
the oxidized state exists as a dimer with an observed mass of 163 kDa in solution, in 
dynamic equilibrium with a 67 kDa fragment. The reduced state exists as a monomer in 
solution, while the semiquinone state exists as a 51 kDa structure. SEC was also used to 
observe the influence of substrate to oligomer structure of FcCryl. It was found that the 
previously mentioned dimer found in the oxidized state was lost when substrate was 
present. The reduced and semiquinone states appeared as monomers in the presence of 
substrate.
Isothermal titration calorimetry was used to study the temperature dependence of 
DNA binding to VcC ryl. The thermodynamics important in the VcC ryl substrate binding 
were examined and compared to E. coli photolyase, a related DNA repair enzyme. 
Similar trends in the thermodynamic parameters were observed between FcCryl and E. 
coli photolyase.
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Chapter 1 -  Introduction
Melanoma
Melanoma (skin cancer) is a disease in which malignant cells form within skin. 
Skin cancer is eight in the top ten most commonly found cancers.1 Skin cancer can occur 
anywhere on the body, but it is most common in skin that is often exposed to sunlight. 
Sunlight causes damage through ultraviolet light, or UV rays. UV rays consist of two 
parts, UVA and UVB and both can cause damage to skin.1
DNA absorbs ultraviolet light, wavelengths of 250 -  270 nm. This absorption 
causes lesions and formation of many photoproducts. Photoproducts can inhibit 
transcription and replication.1 Left untreated, the lesions lead to cell death, mutations, and 
cancer. It is essential to understand measures that can repair DNA damage before it 
causes cancer. Thus, much research has been done on DNA repair proteins; specifically 
those with the capability to revert UV induced lesions.
Photolyase
DNA photolyase (PL) is a blue light photoreceptor, with the ability to repair 
ultraviolet induced lesions on DNA (double stranded, dsDNA, and single stranded, 
ssDNA) . Blue light photoreceptors are flavoproteins, which respond to wavelengths of 
light at 300 -  500 nm. PL uses a light driven repair mechanism to revert UV induced 
cyclobutane-pyrimidine dimers (CPD) and 6,4-pyrimidine-pyrimdone (6,4) photolesions 
on DNA back to pyrimidine dinucleotides.2 The photoreaction used by PL, does not 
remove damaged lesions from the DNA strand like many DNA repair enzymes. Instead, 
light induced electron transfer efficiently repairs UV induced lesions on DNA.3
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There are two noncovalently bound chromophores in PL: a flavin adenine 
dinucleotide cofactor (FAD) and either a 5,10-methenyltetrahydrofolate (MTHF) or 8- 
hydroxy-5-deazariboflavin (HDF) cofactor.3 PL, as isolated from Escherichia coli, is a 
monomeric 56 kDa protein with the MTHF Chromophore.4 E. coli photolyase repairs 
CPD lesions but not repair 6,4 lesions on DNA. 4
Figure 1.1 Crystal structure of DNA photolyase from Escherichia coli PDB Code: 1DNP. 4
The structure of E. coli PL, shown in Figure 1.1, consists of an N-terminal a, (3 
domain, and a C-terminal a-helical domain.3 The FAD cofactor, located deep within the 
a-helical domain, is critical for binding and repair.2 Crystal structure data have confirmed 
that the CPD lesion is flipped out of the base stacking conformation when bound to PL.3 
PL binds to substrate by apparently recognizing a spontaneously solvent exposed flipped 
out CPD.2
The FAD cofactor has three oxidation states: oxidized (FAD), semiquinone 
(FADH-, one electron reduced), or hydroquinone (FADH', two electron fully reduced) 
state. Oxidized FAD is shown in Figure 1.2 Protonation on the indicated nitrogen yields 
the neutral FADH- semiquinone state. Reduction of the indicated oxygen on the flavin in
2
Figure 1.2 yields the negatively charged fully reduced state. The protein, with FAD in 
any oxidation state, is able to bind CPD and unable to bind CPD in the absence of the 
FAD cofactor.5 The second cofactor in E. coli PL, MTHF, is not required for catalytic 
repair but may serve as a light harvesting pigment.5
nh2
Figure 1.2 Structure o f oxidized FAD co factor.
Figure 1.3 Cyclic repair process o f CPD by fully reduced FAD.
3
DNA repair occurs only with the FAD cofactor in the two electron fully reduced 
state.5 The repair process begins with absorption of a blue light photon by the FADH' 
cofactor, as shown in Figure 1.3. An electron transfers from the excited FADH' directly 
to the lesion. The lesion splits back into its dipyrimidine dinucleotide. The electron then 
is transferred back to the now neutral flavin restoring its fully reduced state.5
The fully reduced PL has a maximum absorption at 366 nm, which is due to 
absorption by the MTHF cofactor.6 In addition, the one electron reduced PL, FADH-, also 
absorbs at 590 and 625 nm.6 The absorption spectrum of the three oxidation states of the 
FAD cofactor is shown below in Figure 1.4.
Figure 1.4 Absorption spectrum for the three oxidations o f FAD cofactor in E. coli photolyase.6
Cryptochromes
Other members of the blue-light photoreceptor family are the cryptochromes 
(CRYs), which regulate processes from circadian entrainment to plant growth and 
development.7 CRYs are generally defined as photo lyase-like proteins which do not 
exhibit any DNA repair activity but may play a role in signaling.7
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Structurally, PL and CRY proteins are similar. CRY proteins share sequence 
homology and the FAD and MTHF cofactors with PL.7 Differences in the structures 
occur with the presence of the C-terminal extension in CRY. CRY structure is divided 
into two domains: the PL like domain and the C-terminal tail (CCT).8 The additional 
CCT in plant CRY facilitates signal transduction.8 Studies done on conformational 
changes of plant CRY suggest reduction of the FAD cofactor causes the dissociation of 
the CCT and the PL-like domains of Arabidopsis thaliana cryptochrome 1, .T/CRY1.8 
The function of the CCT is unclear and it appears to have an intrinsically disordered state 
in solution.9 PL and CRY proteins also differ in redox behavior. CRY proteins are 
generally isolated with the FAD cofactor in the oxidized form, while PL is isolated in the 
semiquinone form.10
CRY proteins do not perform DNA repair. However, CRY proteins do have the 
ability to bind to ATP and undergo auto-phosphorylation.7 The auto-phosphorylation is 
light regulated and dependent on photoreduction.7 CRY proteins in plants and animals act 
as blue light sensors. Light activated plant CRY use the extended C termini to interact 
with COP1, a regulator of photomorphogensis.7 Light initiates a conformational change 
in structure which then allows the protein to interact with signaling partners.3 In animals 
including humans, cryptochrome proteins are components of circadian clocks, control of 
daily rhythm in physiology and behavior.7 
Cryptochrome-DASH
A new sub family of the blue light photoreceptors is the cryptochrome DASH 
(CRY-DASH) family. CRY-DASH shares many features with the photolyase and 
cryptochrome family. DASH stands for Drosophila, Arabidopsis, Synechocystis, and
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Homo Cryptochromes.2 The CRY-DASH sub-class is able to carry out single strand 
specific DNA photorepair.2 The member of interest for this study is Vibrio cholerae 
cryptochrome 1, FcCry 1. The crystal structure of HtCry3 -  isolated from Arabodopsis 
thaliana, 11 and CRY-DASH protein similar to VcCryl, is shown in Figure 1.5.
Figure 1.5 Crystal Structure o f ciyptochrome 3 from Arabidopsis thaliana, a CRY-DASH protein}1 PDB Code: 2J4D.
FcCryl has been labeled a single strand specific CPD photolyase.15 There are two 
noncovalently bound chromophores, FAD and MTHF in VcC ryl, like E. coli PL.15 E. coli 
PL requires a reduced state of the FAD cofactor for DNA repair. Similarly, to repair 
ssDNA VcCryl also needs its cofactor in the reduced FADH' state.9
While no structure for FcCryl is available, CRY-DASH for Synechocystis has 
been solved. Structurally the Synechocystis CRY-DASH protein is folded into two 
domains, an a and (3 domain, and a helical C-terminal domain.13 The helical domain is 
connected by a long loop that includes four helices, which wrap around the a and (3 
domain. The a/(3 domains have a dinucleotide-binding fold with five-stranded p sheet
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flanked on both sides by a helices.13 The helical domain provides all the residues that 
bind FAD, similar to PL.11 Five Arg residues conserved in CRY- DASH and PL 
contribute to a positive electrostatic potential on the surface around the cavity, suggesting 
that CRY-DASH and PL share DNA binding sites. 13
The largest differences in CRY-DASH compared to photolyases are in the 
interdomain loop and near the C terminus.13 Only 1 out of 7 residues are similar here with 
PL in MTHF binding. This suggests the second chromophore may be different or absent 
in some CRY-DASH proteins.13 The cavity for the CPD in CRY-DASH is more polar, 
shallow and wide, compared with PL.7
CRY-DASH proteins have more sequence homology with (6-4) photolyases than 
with CPD photolyases.11 However, the Raman spectra of VcCryl show similarities with 
that of E. coli PL, a CPD photolyase.11,14 E. coli PL is able to repair CPD lesions on 
ssDNA and dsDNA.11 FcCryl on the other hand, only binds and repairs CPD lesions on 
ssDNA.15
Dimerization is commonly found in plant cryptochromes, but it is uncommon the 
photolyase family.3 In cryptochromes, dimers occur when the FAD cofactor is in the fully 
oxidized state, called the dark state.3 Upon photoreduction of the cofactor, the dimer 
dissociates, which may activate the protein so that signal transduction can occur. The 
dimer dissociates into the signaling state of the receptor, the one electron reduced 
FADH.3 AtCry3, a CRY-DASH protein similar to VcCryl, exhibits this type of behavior, 
suggesting VcC ryl may also exhibit a comparable mechanism.3
Studies done on PL, as stated earlier, show that E. coli PL can recognize and bind 
to CPD lesions regardless of DNA conformation, in contrast to VcCvy 1 which can only
7
bind to ssDNA. Earlier work with PL suggests that the CPD must be flipped out of the 
base-stacking conformation for E. coli PL to recognize the CPD.10 The question that 
arises: does a similar mechanism hold true for VcCryl? To elucidate the binding 
mechanism, isothermal titration calorimetry (ITC) is used to examine the 
thermodynamics associated with substrate binding to VcC ryl. Thermodynamic 
parameters such as the free energy of binding would differ from E. coli PL, if the 
recognition mechanism was significantly altered. The oligomer structure of VcC ryl was 
also studied using size exclusion chromatography. Studying the conformational changes 
with changes in the redox state of VcC ryl provides insight into binding to substrate.
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Chapter 2 -  Structure Determination
Background -  High Performance Liquid Chromatography (HPLC)
High performance liquid chromatography (HPLC) is a method used to separate a 
mixture based on specific molecular properties, like polarity or mass. HPLC requires two 
types of phases: a stationary phase and a mobile phase. For my work, the stationary phase 
is a solid phase supported on a vertical column and the mobile phase is a liquid. High 
pressures force the mobile phase carrying the mixture to flow through the stationary 
phase. The mixture will separate based on time its particular components spent 
interacting with the stationary and mobile phases. The time taken for a component to pass 
through the HPLC column is called the retention time. The retention time is dependent on 
the composition of the two phases, flow and pressure of the mobile phase, and molecular 
properties of the compounds.
As molecules begin to elute off the column, they pass through a detector. Most 
HPLC detectors use ultraviolet light absorption. A single channel detector can measure 
the amount of light that is being absorbed at one specific wavelength of light. Most 
proteins absorb at 280 nm. At this wavelength, the aromatic rings present (in the 
tryptophan and tyrosine) absorb light. A multi-channel detector, such as a photo-diode 
array (PDA) used in this study, can measure light absorption for an entire spectrum. Since 
it is possible to obtain a complete absorption spectrum of a molecule with a PDA, 
information on the identification of the compounds can be obtained.
Size exclusion chromatography (SEC) or gel filtration chromatography (GFC) is 
the type of HPLC used to separate a mixture of biomolecules based on their size.16 The 
type of column has a stationary phase equipped with beads containing pores.16 Molecules
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introduced by the mobile phase to a SEC column can enter these pores; smaller molecules 
will enter the pore easily and take longer to travel down the column. Larger molecules 
will not be able to enter the pores, thereby have a shorter path and take less time to travel 
down the column.
SEC in this study was used to observe the relationship between changes in the 
oxidation state of the FAD cofactor with changes in protein oligomer structure. Previous 
studies have suggested that FcCryl may dimerize when it is in its fully oxidized state.11 If 
FcCryl does dimerize when fully oxidized, then a FcCryl dimer would elute off a SEC 
column faster. To test the influence substrate has on oligomeric structure, HPLC 
experiments were also run with UV-p(dT)io in the sample injection and mobile phase.
Experimental Methods 
Sample Preparation
FcCryl was stored at -80°C in 20 mM potassium phosphate, 0.400 M K2SO4 at 
pH 7.0 (storage buffer). Samples were prepared first by 1 cycle of 10-fold dilution into 20 
mM potassium phosphate, 88 mM K2SO4 at pH 7.0 followed by centrifugal concentration 
(Amicon Centrifugal 30 kDa Filter). The enzyme was diluted to ~60 pM with identical 
buffer.
FcCryl in the oxidized state, VcCrylox, was prepared on ice by adding a 20 
molar excess of potassium ferricyanide (K3[Fe(CN)6]). FcCryl in the reduced state, 
FcCrylRED, was prepared on ice by purging the solution with nitrogen gas followed by 
the addition of sodium dithionite (Na2S2C>4). VcCrylRED was also prepared by 
illumination with blue light (365 nm) for four minutes in the presence of 10 mM 
dithiothreitol, all in the absence of 0 2. The semiquinone state, FbCrylSQ, was prepared
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similarly to the reduced protein. Once reduction was complete, potassium ferricyanide 
was added to obtain the semiquinone state.
Studies with VcCryl and substrate required a DNA saturated mobile phase to 
prevent dissociation of the complex: 88 mM potassium sulfate, 20 mM potassium 
phosphate with ~9 pM UV-damaged p(dT)io at pH 7.0 buffer. Prior to injection, four 
molar excess of UV-damaged p(dT)io was added to the enzyme. Substrate was purchased 
from TriLink Biotechnologies and used without further purification.
Experimental Conditions
HPLC experiments were preformed on a Shimadzu liquid chromatograph, LC- 
10AT VP, with an SPD-M10A Shimadzu diode array detector and DGU-14A Shimadzu 
degasser. A GE Bio-Sciences Superdex 75 10/300 GL column made with an agarose and 
dextron matrix and a 13 pm bead size was used. Aqueous buffer of 20 mM K3PO4, 88 
mM K2SO4 at pH 7.0 was used as the mobile phase. Samples were first spun for 3 
minutes at 13,000 rpm to remove precipitated solute before a 30 pL aliquot of sample 
was injected on to the HPLC. The flow rate of the mobile phase was 0.300 mL/min, and 
data was collected for duration of 100 minutes.
Standards
Albumin from chicken egg white, y-globulin from bovine blood, and myoglobin 
from equine skeletal muscle were used as standards to produce a calibration curve. 
Standards were prepared in 20 mM potassium phosphate 88 mM K2SO4 at pH 7.0 buffer 
and kept on ice. The HPLC conditions were identical to the conditions used for the 
protein samples.
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Results and Discussion
Calibration Curve
To interpret the retention times for individual oxidation states of VcCryl, a 
calibration curve was obtained (Figure 2.1). Using the equation of the line (Equation 2.1) 
and the retention times for FcCryl (Table 2.1) the mass correlated to the observed 
retention time was calculated with data shown in Table 2.2. HPLC runs for each 
oxidation state were repeated at least three times, with the exception of PcCrylsQ. Only 
one experiment completed with VcCrylsQ yielded clean results.
Figure 2.1: Calibration Curve
Retention Time (min)
Figure 2.1: Calibration curve created from the standards and line equation is shown above.
Log[Molar Mass] = b + m[RetentionTime] Equation 2.1
Table 2.1
Retention Times of Standards
Protein Molecular Weight Retention Time(Da) (min)
Globulin 150, 000 42.2
Albumin 44, 300 51.9
Myoglobin 17, 000 56.9
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Table 2.2
Retention Times of VcCryl Samples
Oxidation State of FAD Molar Mass (Da) Averaged Time (min) Absorption (nm)a
FADFT 83, 894 46.5 ±0.1 280
FADFT w/ substrate 87, 790 46.2 ±0.1 280
32, 070 53.1 ±0.5 280, 366
FADH- 50, 830 50 280, 590, 625
FADH* w/ substrate 87, 243 46.3 ± 0.1 280, 590, 625
FAD 163, 370 42.2 ± 0.6 280
66, 553 48.4 ± 0.6 280
FAD w/ substrate 85, 239 46.4 ± 0.2 280
K3[Fe(CN)db 329.2 65.0±0.3 420
70.0±0.2 420
Na2S204b 174.1 61.7±0.1 280
a Absorption wavelength determined through PDA spectrum examination. Molar mass obtained from manufacturer.
Assignment of fractions attributed to the oxidizing and reducing agents were 
made through analysis of the PDA spectrum. A typical PDA spectrum is shown below in 
Figure 2.2.a, and absorption at 420 nm can be seen due to the oxidizing agent. 
Ferricyanide eluted at 65 and 70 minutes in all runs for the oxidized and semiquinone 
states. Dithionite eluted at 62 minutes in all runs for the reduced state. Peaks were 
assigned to FcCryl oxidation states, through analysis of the PDA spectrum (Figure 2.2.a) 
with the peaks of interest (due to VcC ryl) found between 42 and 54 minutes.
VcCryl without substrate: Results
Figure 2.2.b, shown in black, is a chromatogram for FcCrylox; there are two 
noticeable fractions. The peaks correspond to times at 42.2±0.6 minutes and 48.4±0.6 
minutes (see Table 2.2). Retention times were obtained for these two peaks using a 
Gaussian model function in a data processing software (Igor Pro). These retention times 
for the FAD state relate to masses of —163 kDa and ~67 kDa respectively (see Table 
2.2). The mass of VcC ryl is 88 kDa, as calculated from the sequence.15
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Log [Molar Mass] Log [Molar Mass]
107 106 105 104
Figure 2.2.c
Log [Molar Mass]
107 10® 10s 104
Figure 2.2.d
Log [Molar Mass]
10s 105 104
Figure 2.2.e Figure 2.2.f
Shown in Figure 2.2.a is a PDA spectrum of FAD in the presence of ssDNA. The following figures are a 
representation of the retention times and molar m asses of each of the oxidation states for VcCry l vs. 
intensity of the signal. 2.2.b) Shown are the three oxidation states of FAD cofactor in FcCryl. 2.2.c) Shown 
are the three oxidation states with damaged DNA bound. 2.2.d) Shown is the oxidized, VcCrylox, with and 
without DNA bound. 2.2.e) Shown is reduced state, FcCrylRED with and without DNA bound. 2.2.f) Shown 
is semiquinone state, FcCrylsQ with and without DNA bound.
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Experiments done with FcCrylsQ shown in blue, Figure 2.2.b, did not produce 
clean data. The one set of clean data collection for the neutral one electron reduced state 
eluted at 50 minutes corresponding to a mass of -51 kDa, similar to that of oxidized 
VcCry 1. The chromatogram of fully reduced state (FADHT), Figure 2.2.b in red, 
contained one peak due to the protein. The single peak at 46.5±0.1 minutes corresponds 
to a mass of -84 kDa.
VcCry 1 without substrate: Discussion
The two fractions present in the chromatogram for FbCrylox indicate the 
presence of two VcCryl conformations. The VcCryl monomer should have a mass of 88 
kDa. The peak at 42.2±0.6 minutes corresponds to the mass of -163 kDa, a presumptive 
dimer and is evidence for an oligomer state of VcCry 1. The single peak for reduced state 
indicates there is only one conformation present, the FcCryl monomer.
The fraction eluting at 48.4±0.6 min in the oxidized state chromatogram is smaller 
compared to that of a VcC ryl monomer. The peak at 48.4±0.6 minutes, for oxidized state, 
correlates to a mass of -67 kDa. The structure of VcC ryl consists of a PL-like domain 
and an extra C-terminal extension. One explanation for this mass may be due to the PL- 
like domain cleaving from the C-terminal extension. Cleavage of the two domains would 
indicate VcC ryl undergoes proteolysis. If the PL-like domain cleaved from the additional 
extension, the addition extension would have had to elute off the SEC column as well. 
However, a third peak corresponding to the additional extension was not observed.
A second explanation for these observations may be a change in the shape of 
VcC ryl. SEC separates biomolecules according to size. A compact biomolecule, due to
15
how the protein has folded, would elute off slower than a loosely bound one. The fraction 
eluting at 48.4±0.6 minutes can also have been a more condensed structure.
VcCryl with substrate: Results
After data for the individual oxidation states were obtained, additional 
experiments were run with a substrate saturated buffer and substrate bound to the 
enzyme. The substrate was UV-p(dT)io with an average of one CPD per strand. DNA 
saturated buffer was required to maintain an enzyme substrate complex. Shown in Figure 
2.2.c, is the data for the three oxidation states of VcCryl with substrate present. The main 
peaks associated with FcCryl, regardless of oxidation state, had a retention time of 
around 46 minutes (see Table 2.2).
The reduced state in solution with ssDNA eluted off about 30 seconds earlier than 
without the ligand present (Table 2.2). The small shift can be seen in Figure 2.2.e., which 
corresponds to a ~4 kDa increase in mass. Shown in Figure 2.2.c, chromatogram of the 
reduced state is a second peak at 53 minutes, correlating to a mass of ~33 kDa (Table 
2.2). This trailing peak may also present in a smaller concentration in the reduced state in 
the absence of substrate (Figure 2.2.e).
As seen in Figure 2.2.d, VcCrylox with substrate present eluted at 46.4±0.2 
minutes, corresponding to a mass of ~85 kDa. Data for VcC ryl with the flavin cofactor in 
the semiquinone state in the presence of substrate (Figure 2.2.f) is similar to that of 
oxidized state in the presence of substrate.
VcCryl with substrate: Discussion
FcCrylRED in the presence of substrate eluted earlier than without the ligand 
present; this small shift indicates that the substrate is bound to the enzyme. VcCry 1 ox in
16
the presence of substrate eluted as a single monomer. The presence of substrate may 
influence the structure of the protein, causing the loss in the oligomeric structure 
observed in the absence of substrate (Figure 2.2.d). FcCrylsq also eluted at 46 minutes, 
as a monomer. The trace for the semiquinone state in the presence of substrate has a 
Gaussian shape, whereas semiquinone without substrate present does not (Figure 2.2.f), 
indicating VcCry 1 sq may be more defined structurally when substrate is present.
VcCrylox without substrate eluted a ~67 kDa structure, which is less than that of 
a monomer. VcCry 1 red in the presence of substrate eluted a ~33 kDa fragment; not 
present in the chromatogram for VcCry 1 rED without substrate. (Figure 2.2.e) When this 
data is analyzed together, it seems FcCryl dissociated into two fragments. Previous work 
states that when FAD cofactor is fully reduced, the additional C-terminal extension in 
DASH proteins undergoes proteolysis.8 These observations can also be explained by the 
nature of SEC. More compact biomolecules may elute slower than loosely bound, less 
compact ones. The fractions eluting at 53.1 minutes in FcCrylRED and 48.4±0.6 minutes 
in VcCry 1 ox may be a result of structural changes to the protein which result in a more 
compact tertiary structure.
Conclusion
SEC was used to observe the relationship between changes in oxidation state of 
the FAD cofactor and oligomeric structure of VcCryl. Initial data provided evidence that 
VcC rylox exists as a dimer in solution and FcCrylRED exists as a monomer, confirming 
there is a change in structure when the oxidation state of the FAD cofactor is changed. 
Also observed in the oxidized and semiquinone states are fractions with apparent masses 
less than that expected for a FcCryl monomer.
17
Substrate was added to the mobile phase to observe if changes in oligomeric 
structure would take place when substrate is present. In the presence of substrate, 
VcC ryl ox eluted as a monomer, a clear loss of the oligomeric structure observed for the 
oxidized state when no substrate was present. Our data from SEC data exhibit VcC ryl is 
more similar to the cryptochrome family than photolyase, providing some evidence that 
its primary function may involve signaling activity.
18
Chapter 3 -  Thermodynamic Binding Studies
Background -  Isothermal Titration Calorimetery
Isothermal titration calorimetry (ITC) is a method used to characterize the 
thermodynamics of ligand binding to a protein. Two cells are placed within an adiabatic 
jacket in an ITC instrument; a reference cell and a sample cell.17 The cells are connected 
to thermoelectric devices to measure the temperature difference between the cells, as seen 
in Figure 3.1. 7 Power is applied to the reference cell and sample cell to maintain a 
constant temperature. Small aliquots of a ligand are titrated into the protein solution in 
the sample cell. As the ligand binds to the protein, small changes in heat can be absorbed 
or released. If heat is produced in the sample cell, then less power is applied to keep the 
same temperature, and a trace such as that shown in Figure 3.2 is produced.17
Figure 3.1 Diagram o f ITC18
The integration of the power is then used to obtain the heat that is released or 
absorbed from the sample cell.17 From this information, a binding isotherm can be made. 
Figure 3.2 shows the measured signal versus time plot and binding isotherm that is 
generated from a standard ITC. The isotherm is used to calculate the binding constant
19
(Ka) and the number of binding sites (n).11 Thermodynamic parameters, such as change in 
enthalpy (AH), entropy (AS), and free energy (AG) can be obtained from the binding 
isotherm from Equation 3.1.17 Equation 3.1 is used to calculate the heat of binding where 
[E] is the protein concentration, [S] is the substrate concentration, AH° is the enthalpy of 
binding, and Ka is the association constant.10 The measured enthalpy is only an observed 
change in enthalpy upon binding; it can be a combination of several protein-ligand 
interactions.19 Such interactions include hydrogen bonding, electrostatic interactions, 
hydrophobic interactions, ion release, conformational changes and contacts with water 
molecules. 17
Time (min)
0 10 20 30
Molar Ratio
Figure 3.2 Typical data obtained from an ITC.
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One way to understand protein-ligand binding is to measure the binding enthalpy 
over a range of temperatures to obtain the change in heat capacity at constant pressure 
(ACp)11, where ACP is defined as
AH
ACp ~  ~  Equation 3.2
The ACp relates to the surface area that is removed from solvent upon substrate 
binding.19 It can provide information on the area and polarity of the surface that is buried 
upon substrate binding.19
In this study a number of binding experiments were done with reduced FbCryl 
and ssDNA to evaluate protein-substrate conformational changes. Data from these 
studies, compared with thermodynamic data obtained for E. coli PL should provide 
insight on the mechanism of binding to substrate in VcCryl.
Experimental Methods 
Sample Preparation
VcC ryl was stored at -80°C in 20 mM potassium phosphate, 0.400 M K2SO4 
(storage buffer) at pH 7.0. VcC ryl was thawed and diluted to ~27 pM. Reduced VcC ryl 
was prepared on ice by purging the solution with nitrogen gas followed by the addition of 
sodium dithionite. UV-damaged p(dT)io with one CPD (substrate) was prepared in 
identical buffer at 600 pM as described in reference 20.
Substrate Binding Experiments
Binding experiments were done on a MicroCal ITC200 (GE BioSciences) at 10, 
15, 20, 25, 30, and 35°C. At least three replicates were done at each temperature studied. 
Fully reduced VcCry 1 was loaded into the sample cell. DNA substrate was loaded in the
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titration syringe. The substrate was added to the fully reduced protein in 18 aliquots ( l x
0.4 pL, 17 x 2.0 pL) spaced 100 seconds between each addition. Protein and DNA 
controls were run under identical conditions, to correct for heat of dilution.
Results and Discussion 
Results
From the binding isotherms the stoichiometry (number of binding sites), binding 
constant and enthalpy of binding were obtained. From the binding constant, the free 
energy of binding was calculated using Equation 3.2. To calculate the entropy of binding, 
the enthalpy of binding obtained from the reaction and calculated free energy were used 
in Equation 3.3, Table 3.1, shown below, summarizes the obtained stoichiometry, binding 
constant, enthalpy of binding and calculated free energy of binding and entropy of 
binding. Observed enthalpy of binding was plotted against temperature in Figure 3.3. 
Calculated free energy of binding was plotted against temperature in Figure 3.4. 
Calculated entropy of binding was plotted against temperature in Figure 3.5.
AG — —R T In K Equation 3.2
AG — AH — TAS Equation 3.3
Table 3.1
Thermodynamic Parameters for Reduced VcCryl
T(°C) N K
a g G £ i) AS( \ )Vmol ■ K/
10 1.9 (±0.3) 5.77 (± 2)x 105 -12 (± 7) -31 (±1) 67 (± 7)
15 1.3 (±0.1) 1.70 (± 1) x 105 -17 (±6) -29 (± 1) 40 (± 6)
20 1.1 (±0.3) 3.04 (± 3) x 105 -23 (± 4) -31 (± 2) 27 (± 4)
25 1.3 (±0.2) 2.56 (± l)x  105 -22 (± 3) -31 (± 2) 29 (± 3)
30 1.3 (±0.3) 4.76 (± 3) x 105 -24 (± 3) -33 (± 3) 30 (± 4)
35 1.8 (±0.1) 2.82 (± l)x  105 -28 (±3) -32 (± 3) 14 (± 4)
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Figure 3.3: Temperature Dependence on Enthalpy of Binding
Figure 3.3: Temperature dependence on enthalpy o f ssDNA binding for reduced VcCryl.
Figure 3.5: Temperature Dependence on Entropy of Binding
Figure 3.5: Temperature dependence on enthalpy o f ssDNA binding for reduced VcC ryl.
Discussion
Binding of ssDNA to FcCryl was measured in the fully reduced state at 
temperature from 10 to 35°C. Analysis of Figure 3.4 indicates the free energy of binding 
is relatively unchanged over a small temperature range. The enthalpy of binding however 
gets more exothermic as the temperature is increased, Figure 3.3. In Figure 3.5, the 
entropy of binding decreases with the increase in temperature. The entropy and enthalpy 
of binding are affected significantly when temperature is changed, however the free 
energy is unaffected. Similar results were obtained with E. coli PL10; enthalpy of binding, 
entropy of binding and free energy of binding for PL are shown in Table 3.2.
Table 3.2
Summary of Temperature Dependent Thermodynamic Parameters of Reduced E. coli PL and 
Reduced VcCryl 10
E. coli PL1Ü VcCryl
T(°C) AH( ^ ) a s ( ; )vmol • KJ AH(= ) > O 0 a s ( ; )
10 -34.9 ±2. -33.3 ±0.8 -6 ± 8 -12 (± 7) -31 (±1) 67 (± 7)
15 -40.4 ± 0.7 -33.6 ±0.2 -24 ±3 -17 (±6) -29 (± 1) 40 (± 6)
20 -46.8 ± 3 -34.3 ± 0.6 -43 ±10 -23 (± 4) -31 (± 2) 27 (± 4)
25 -52.7 ± 3 -34.5 ±0.8 -61 ± 10 -22 (± 3) -31 (± 2) 29 (± 3)
30 -57.9 ± 1 -34.6 ± 0.6 -77 ±5 -24 (± 3) -33 (± 3) 30 (± 4)
The slope of Figure 3.3 is the change in heat capacity, defined in Equation 3.1. 
The change in heat capacity for reduced VcCryl is -550 J/moi.K and for E. coli PL the 
change in heat capacity is -1120 J/moi.K.10 Changes in heat capacity are related to 
interactions occurring on solvent accessible nonpolar and polar surface areas on the 
protein with substrate. The differences observed in heat capacity for VcC ryl and E. coli 
PL may be attributed to differences in the surface area exposed at the binding site.
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Conclusion
Preliminary data indicates that the change in heat capacity for FcCryl may be 
smaller than what has been observed for E. coli PL. Before a definitive statement can be 
made regarding the change in heat capacity more work needs to be done in order to 
generate a complete thermodynamic profile for VcCry 1 ; data for semiquinone and 
oxidized states for the FAD cofactor in VcCry 1 are needed. Substrate binding for FcCryl 
also needs to be separated into electrostatic and nonelectro static contributions to the free 
energy and entropy of binding. Analysis of the data to be done, compared to data 
previously published for E. coli PL, will further elucidate the substrate recognition 
mechanism of VcCryl.
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